Abstract: Botulinum Neurotoxin A (BoNT-A) injections have been used for the treatment of muscle contractures and spasticity. This study assessed the influence of (BoNT-A) injections on passive biomechanical properties of the muscle-tendon unit. Mouse gastrocnemius muscle (GC) was injected with BoNT-A (n = 18) or normal saline (n = 18) and passive, non-destructive, in vivo load relaxation experimentation was performed to examine how the muscle-tendon unit behaves after chemical denervation with BoNT-A. Injection of BoNT-A impaired passive muscle recovery (15% vs. 35% recovery to pre-stretching baseline, p < 0.05) and decreased GC stiffness (0.531 ± 0.061 N/mm vs. 0.780 ± 0.037 N/mm, p < 0.05) compared to saline controls. The successful use of BoNT-A injections as an adjunct to physical therapy may be in part attributed to the disruption of the
Introduction
Spasticity is a debilitating and complex hyperkinetic syndrome characterized by excessive excitability of the stretch reflex (myotatic reflex) and loss of neuronal control leading to muscle overactivity with the inability of the muscle to rest [1] [2] [3] . In post-stroke patients, spasticity affects the extremities, with clinical impairment in up to 40% of patients [4] . Cerebral palsy is caused by injury to the developing central nervous system, often resulting in reduced health-related quality of life [5] [6] [7] [8] [9] . Lesions to upper motor neurons, regardless of etiology or mechanism, affect the ability of the central nervous system to synchronize motor unit recruitment and to relax skeletal muscle [2] . Activation of the peripheral stretch reflex alters resting posture of the affected limb and impairs passive function [2] , which leads to structural muscle changes over time that increase muscle stiffness and contribute to the clinical symptoms of spasticity [10] .
Physical therapy and rehabilitation of patients with spasticity involves stretching of stiff muscle-tendon units that resist manipulation. Stretching has been shown to influence skeletal muscle by altering active contractility, passive biomechanical properties, and neural excitability [11] . Previous studies have documented decreased stiffness [12] [13] [14] , improved movement control [15] , and fewer contractures [16] after therapeutic stretching interventions in spastic patients.
BoNT-A application as an adjunct to physical therapy in patients with spasticity has been shown to reduce pain, improve gait pattern, and improve range of motion [5] . The rationale for the use of BoNT-A injections into spastic muscle is to decrease muscle overactivity and correct postural deformity [5] . BoNT-A is endocytosed by the distal neuron and prevents the pre-synaptic vesicular fusion mediated by SNARE proteins (synaptobrevin, syntaxin, and synaptosomal-associated protein-25) and thus the release of acetylcholine at the neuromuscular junction inhibiting normal synaptic transmission and neural-mediated muscle contraction [5] . Injection of BoNT-A induces a temporary and reversible paresis of skeletal muscle with a decrease of motor action potential (CMAP) of up to 80% one week after injection depending on dose and volume applied [17] . The adjunctive application of BoNT-A to physical therapy of patients with muscle spasticity has been shown to improve clinical outcomes and decrease symptoms [5] .
While BoNT-A has been used clinically as an effective adjunct to physical therapy in patients with spasticity [5] , limited basic science studies have examined the influence of BoNT-A on the in vivo passive properties of skeletal muscle and the influence of BoNT-A injection on the myotatic or stretch reflex. Animal models of spasticity with experimental induction of an upper motor neuron lesion are not well established, and those spastic disease animal model systems that have been described are inherently variable as spastic disease states have pathologic myotatic or stretch reflexes [18, 19] . The use of healthy, non-spastic muscle to study effects of BoNT-A on in vivo biomechanical properties isolates the effects of BoNT-A without the variability inherent in spastic disease. The purpose of this study was to investigate the influence of BoNT-A injection on passive biomechanical muscle properties in normal mouse gastrocnemius (GC) muscle in response to repetitive, non-traumatic stretching. This study hypothesized that BoNT-A modulates in vivo skeletal muscle tone and disrupts the myotatic or stretch reflex, thereby decreasing muscle stiffness during stretching.
Materials and Methods
Thirty-six male CD1 mice weighing 25.56 g ± 0.64 g (Charles River, Wilmington, MA) were used for this study. The experimental protocol was approved by the Institutional Animal Care and Use Committee in accordance with the standards required by the National Institutes of Health. Animals were kept in a controlled temperature vivarium with a 12-h light/dark cycle, with food and water provided ad libitum.
Animals were randomly assigned to two experimental groups; the study group (n = 18) received BoNT-A at a dose of 6 U/kg in a volume of 10 µL into the GC muscle, the control group (n = 18) received an equal volume of normal saline solution (0.9%). Volume and dose of BoNT-A were chosen to provide maximal denervation, and all biomechanical assessments were performed eight days following injection to reach maximal denervation based upon previous dose-volume experimentation in our laboratory using this animal model system [17, 20] .
Botulinum Toxin A and Saline Injection
The animals were anesthetized with 1.5-2.0 vol.% isoflurane (Webster Veterinary, Patterson Companies Inc., Sterling, MA) during the injection procedure. The reconstitution of BoNT-A (Allergan, Irvine, CA) and the percutaneous gastrocnemius-soleus injection were performed using previously described methods [17, 20, 21] . Normal saline solution was injected in the same manner using the same volume as the toxin injection for control animals.
Surgical Approach and Experimental Set Up
The experimental apparatus and the surgical approach were similar to previous reports [21, 22] . Briefly, eight days post-injection, the saline-injected control animals (n = 18) and BoNT-A experimental animals (n = 18) were anesthetized with isoflurane (1.5-2.0 vol.%). The animals were then placed on a linear translating stage and secured with a body strap and Kirschner wires through the knee, foot, and adjacent soft tissue to eliminate movement artifact. The calcaneus was transected, the soleus muscle dissected from its calcaneal insertion, and the gastrocnemius-Achilles-calcaneus (muscle-tendon-bone) unit connected to a force transducer (model FORT100; World Precision Instruments Inc., Sarasota, FL) with stainless steel suture. The force transducer was connected to an amplifier (model ps100W-2, EMKA Technologies Inc., Falls Church, VA) through an interface controller (EMKA Technologies Inc., Falls Church, VA) and connected through an analog-to-digital converter card (model PCI-6023E, National Instruments, Austin, TX) to a personal computer.
For in vivo biomechanical testing, the sciatic nerve was exposed and stimulated with a bipolar hook electrode (FHC, Bowdoinham, ME) connected to a pulse generator (model Tenma TGP110, BioSurplus Inc., San Diego, CA). The force of muscle contraction and the passive muscle-tendon unit properties were recorded continuously (IOX software, Slow Wave Analyzer, EMKA Technologies Inc., Falls Church, VA). A heat lamp was used during the entire experimental protocol to maintain animal body temperature.
Muscle Force Assessment/Load-Relaxation Assessment
For each animal, a range of stimuli from 0.8 V to 1.6 V was delivered to the sciatic nerve in order to determine the supra-maximal voltage required to produce maximal single-twitch contraction. In all instances, 1.2 V was used during the active force of contraction protocol [20] [21] [22] . For tetanic contraction force, a square wave stimulus of 1.2 V at a frequency of 100 Hz for 1 s was used. A recovery time of 30 s was allowed between stimuli [21] . Muscle force assessment was conducted to verify that the BoNT-A injection was effective in decreasing active muscle force of single twitch and tetanic contraction.
After the active muscle force testing protocol was completed, a muscle preconditioning protocol was used prior to passive load-relaxation testing with a strain rate of 0.6 mm/s for all experiments. The muscle-tendon unit is visco-elastic tissue; therefore it was necessary to continuously record the developed passive tension after a displacement, since the tissue would relax in response to a stress. Three non-destructive in vivo stretching protocols were utilized to examine the passive, biomechanical muscle-tendon unit response to BoNT-A and saline injection.
Protocol 1
The muscle-tendon unit was stretched from a baseline displacement of 0mm to displacements of 1 mm, 2 mm, and 4 mm. Passive tension was continuously recorded for 210 s at each displacement interval. Between loading cycles, the muscle-tendon unit was returned to 0 mm displacement and allowed to recover for 180 s. Protocol 1 was designed to investigate differences in the in vivo stiffness of the chemically denervated muscle-tendon unit, when compared to saline-injected controls. This investigation was based upon a linear-regression analysis of the in vivo linear portion of the passive tension versus displacement curve. This method expands upon a previously published method in the mouse GC muscle [21] ; however, it includes a more thorough biomechanical consideration of the visco-elastic tissue, in that both peak and equilibrium stiffness were examined.
Protocol 2
The muscle-tendon unit was stretched from 0 mm to 4 mm, while passive tension was continuously recorded for 210 s. Then, the muscle-tendon unit was returned to 0 mm displacement and allowed to recover for 180 s. The entire stretching cycle (4 mm displacement returning to 0 mm baseline displacement) was repeated for four cycles. This protocol was designed to investigate differences in biomechanical behavior of denervated muscle and normal muscle during repeated stretching.
Protocol 3
The muscle-tendon unit was stretched from 0 mm to 1 mm of displacement and passive force was continuously recorded for 240 s. The passive force generated at the initial 1 mm displacement, prior to the rest of the stretching protocol being performed, was used as the "baseline" passive tension for the muscle-tendon unit at a length of 1 mm. Then, the muscle-tendon unit was stretched from a baseline displacement of 0 mm to 4 mm of displacement, where it was held for 120 s. The muscle-tendon unit then was returned to a "displacement" of 1 mm, and passive tension was continuously recorded for 240 s. This protocol was designed to study the recovery of passive tension in the muscle-tendon unit after it returned to a shorter length after being held in a stretched position.
To evaluate the in vivo stiffness and the effects of stretching on the passive tension of the muscle-tendon unit, experimentation was conducted in the linear portion of the stress-strain curve. The muscle-tendon unit was displaced to a range of 0 mm, 1 mm, 2 mm, and 4 mm to avoid gross-injury to the muscle-tendon unit. This range of displacements avoided the failure region or yield-region of the muscle-tendon unit stress-strain curve [21] .
Statistical Analysis
All results are expressed as mean ± standard error of the mean. Student t-tests were used to analyze the results of muscle force testing (e.g., maximal single twitch and tetany twitch). For the results of the load-relaxation assessment (peak tension, equilibrium tension and visco-elastic parameters), a mixed model ANOVA followed by a Tukey post-hoc test was performed. A linear regression analysis was performed on the elastic peak tension and equilibrium tension versus time. All statistical tests were performed using SigmaStat (Systat Software, Inc., San Diego, CA).
Results
The BoNT-A injected GC muscle produced less active single-twitch (p < 0.05, Figure 1A ) and tetanic contraction force (p < 0.05, Figure 1B ) when compared to the saline-injected control group. The BoNT-A injected group produced an average of 0.079 N ± 0.03 N for single twitch force and an average of 0.302 N ± 0.108 N for tetanic contraction force. The saline injected group produced an average of 0.651 N ± 0.038 N for single twitch force and an average of 1.87 N ± 0.095 N for tetanic force.
Sample time histories for muscle-tendon unit displacements to 1 mm (Figure 2A ), 2 mm ( Figure 2B ), and 4 mm ( Figure 2C ) during Protocol 1 showed that the BoNT-A injected muscle-tendon unit generated less passive tension throughout the displacement protocol. When compared to the salineinjected controls, the BoNT-A injected experimental group produced less average peak tension (p < 0.05, Figure 2D ) and less average equilibrium tension (p < 0.05, Figure 2E ). The average muscle-tendon unit peak stiffness of the BoNT-A injected group was 0.520 ± 0.06 N/mm, compared to the saline injected group, which was 0.764 ± 0.036 N/mm, representing 31.9% decline of in vivo stiffness one-week following chemical denervation with BoNT-A (p < 0.05, Table 1 ). The average muscle-tendon unit equilibrium stiffness of the BoNT-A injected group was 0.346 ± 0.038 N/mm, compared to the saline injected group, which was 0.459 ± 0.012 N/mm, representing 24.6% decline of in vivo stiffness one-week following chemical denervation with BoNT-A (p < 0.05, Table 1 ). Linear regression analysis performed on peak passive tension vs. displacement data ( Figure 2D ) and equilibrium passive tension vs. displacement data ( Figure 2E ) in accordance with previously published analysis [21] . All data expressed as mean ± standard error of the mean. * p < 0.05. A sample time history of passive force generated and the stress-relaxation behavior of the muscle-tendon unit after repeated stretching to 4 mm of displacement (Protocol 2) is shown ( Figure 3A) . The initial generation of peak tension, followed by a relaxation of the passive generated force to an equilibrium tension over the time course of the experiment, was observed in all stretched muscle-tendon units (Protocol 2, Figure 3A ). Repeated stretching of the muscle tissue resulted in a declining average passive force throughout the time history after each cycle of stretching (Figure 3) . The BoNT-A injected muscles generated less passive tension after stretching (Protocol 2), when compared to saline-injected controls, throughout the time history ( Figure 3A , p < 0.05), for peak tension ( Figure 3B , p < 0.05), and for equilibrium tension ( Figure 3C , p < 0.05). The BoNT-A group generated less passive tension throughout the stress-relaxation period (Protocol 2), regardless of cycle number, when compared to the saline injected controls at each cycle ( Figure 3) . The effect of repeated stretching on passive peak and equilibrium tension produced in the muscle-tendon unit. Repeated stretching of the muscle to 4 mm decreases the passive peak and equilibrium tension produced in each cycle. Both peak (p < 0.05) and equilibrium (p < 0.05) tension produced in the denervated muscle-tendon unit is significantly lower during all cycles when compared to control muscle. (A) Sample time histories of passive tension produced in both groups during each 4 mm displacement cycle; both groups trend to a stable level after repeated stretching and the BoNT-A injected muscle tension unit produces less force in each cycle. (B) Average passive peak tension produced during repeated stretching. (C) Average passive equilibrium tension produced during repeated stretching. Data are presented as the mean and standard error of the mean.
When the recovery of passive tension in the muscle-tendon unit was evaluated after it was returned to 1 mm baseline length after being held in a stretched 4 mm displacement (Protocol 3), the muscle regained some passive tone as indicated by increased passive tension generated as time increases (Figure 4) . The BoNT-A injected group had reduced passive tension (p < 0.05, Figure 4 ) compared to the saline-injected group at all time points. Further, BoNT-A impaired the passive recovery of the muscle-tendon unit after it was returned to initial length; the BoNT-A injected group only recovered 15% of the pre-stretching baseline tension, while the saline injected group recovered 35% of the pre-stretching baseline tension (p < 0.05, Figure 4 ). The effect of chemical denervation on the recovery of passive tension after return to a shorter length of 1 mm. Passive tension produced after the muscle-tendon unit was returned from 4 mm of displacement to 1 mm of displacement was significantly lower throughout the time history for the chemically denervated muscle-tendon unit (p < 0.05). Data are presented as the mean and standard error of the mean.
Discussion
BoNT-A injection affected the passive soft-tissue properties resulting in significantly reduced in vivo peak and equilibrium muscle stiffness compared to controls during repeated stretching. Injected muscle was more compliant compared to saline controls. In particular, BoNT-A injections reduced in vivo stiffness of the muscle-tendon unit by approximately 30%, which is similar to previous findings [21, 22] . In these reports, the authors suggested that BoNT-A injection might improve the excursion of the muscle-tendon unit by modulating stiffness [21, 22] . Based upon the findings of the current study, BoNT-A has a favorable effect on skeletal muscle during repeated stretching, improving the compliance of the muscle-tendon unit and altering resting muscle tone, ultimately allowing for greater relaxation following stretching. The present study expands upon previous work by specifically examining the influence of BoNT-A injection during in vivo stretching of muscle-tendon units and the myotatic or stretch reflex.
The effect of BoNT-A on passive properties of skeletal muscle may be mediated through different mechanisms. The quantification of the central nervous system's influence on in vivo soft-tissue biomechanical properties has not been extensively studied, despite the clinical knowledge that individuals with nervous system dysfunction undergo passive property changes of their muscle-tendon units [3, [5] [6] [7] [8] [9] . Historically, passive muscle properties have been attributed to structural elements of the muscle-tendon unit, such as connective tissue, contractile components (e.g., actin, myosin), and intracellular components (e.g., titin, desmin) [23] . Leonard and Herzog performed single myofibril experiments in which passive force enhancement after stretching was observed following maximal activation and complete stretching past actin-myosin cross-bridging. Based upon their results, the authors postulated that the protein titin, not just actin-myosin cross-bridging, likely contribute to the passive force enhancement observed upon returning to a shorter displacement after stretching [24] . Many published reports have studied the individual structural components that contribute to the passive tension generated by a muscle-tendon unit after stretching; however, many of these studies were limited by in vitro or ex vivo experimental settings and assessment of neuronal influence on the muscle-tendon unit was not possible [25] [26] [27] [28] .
Recent reports have implicated the protein titin as playing a crucial role in the passive tension developed in muscle tissue after stretching; titin is reported to bear most of the passive load in the muscle [25, 26] . In particular, differences in the elasticity between heart and skeletal muscle are related to the isoform of titin expressed in the two tissues [26] . Recently, Thacker et al. noted that BoNT-A injection alters the collagen content of muscle, changes the expression of the protein titin, and finally results in fiber type switching from fast to slow twitch myosin heavy chain expression [29] . The authors concluded that these molecular mechanisms may contribute to BoNT-A's effect on skeletal muscle passive mechanical properties [29] . Thacker et al. offer a plausible molecular explanation to some of the factors that may contribute to BoNT-A efficacious influence on stretching and physical therapy protocols [29] . However, differences in muscle elasticity cannot be attributed to titin alone. Although the stiffness in single spastic muscle fibers is increased compared to non-spastic muscle fibers [10] and the muscle cells in spastic muscles are shorter than in normal muscle tissue [30] , the titin isoform expressed in healthy and spastic muscle cells are similar [27] . Another study showed that composite single muscle-fibers can have similar passive tension profiles and load-bearing protein composition, yet differences in passive tension profiles are still detected at the muscle bundle level when whole muscles are compared [28] . The present study has the advantage of examining passive properties in an in vivo setting of the intact muscle-tendon unit. The present study design has the limitation that identification of a specific molecular or structural mechanism by which BoNT-A influences passive biomechanical properties was not studied. However, the data demonstrate that the soft-tissue biomechanics are influenced by BoNT-A injection and the data are consistent with the structural changes observed by others and the proposed mechanisms by which passive properties are proposed to be molecularly modulated as previously published in the literature [10, [27] [28] [29] [30] .
For the study of the physiological mechanism by which BoNT-A injections reduce in vivo passive tension in the muscle-tendon unit, Protocol 3 was designed to evaluate differences in the recovery process after the muscle-tendon unit was stretched and returned to the initial length. The BoNT-A injected experimental group was found to exhibit a significantly reduced passive tension throughout recovery and a less robust recovery of the "resting passive tension". The denervated muscle regained 15% of its initial resting tension, compared to a 30% recovery in the control, saline-injected muscle. We conclude that the adjunct BoNT-A injection modulates muscle tone, thus improving the ability of the muscle-tendon unit to stretch and to allow the muscle to return to the initial displacement length through chemical denervation. There are several other plausible mechanisms related to BoNT-A influencing the stretch reflex, which may, in conjunction with changes in muscle structure, contribute to its effect on muscle-tendon unit stretching.
The lengths of resting skeletal muscle and its response to changes in the length are regulated by the stretch reflex ( Figure 5 ). The stretch reflex loop consists of the Golgi tendon organ, the intrafusal muscle fibers, afferent and efferent neural connections to the α-and γ-motoneurons, as well as inter-neurons. The intrafusal muscle fibers act to detect muscle length, and can adapt to changes in muscle length by causing responsive muscle contraction to restore the original length. This length adapting mechanism is controlled by the γ-motoneurons and their efferent innervation of the intrafusal muscle fibers. The γ-activation of the intrafusal muscle fibers utilizes the same neurotransmitter (acetylcholine) as the normal extrafusal muscle fibers; therefore, γ-motoneurons are susceptible to the inhibiting effect of BoNT-A [31] . Specifically, differences in the recovery of stretched muscles may result from the inhibition of the efferent arm of the γ-motoneuron. This inhibition would prevent the intrafusal muscle fibers from adapting to length change, rendering the length sensor for the muscle dysfunctional. This possible mechanism prevents the muscle from contracting to its original resting length after stretching exercises, thus, maintenance of resting tone or resting length may be impaired following BoNT-A injection.
A second mechanism thought to be involved in the reduced recovery tension after BoNT-A injection is related to the efferent arm of the α-motoneuron mediated reflex ( Figure 5 ). The Golgi tendon organs sense stretching of the muscle-tendon unit and, in response, excite the α-motoneurons to activate muscle contraction in order to protect the muscle from damage due to excessive strain. Independent of intrafusal muscle fiber function, the efferent arm of the α-motoneurons is inhibited by the injection of the BoNT-A which acts through pre-synaptic inhibition of acetylcholine vesicular fusion and release into the neuromuscular junction, impairing synaptic activation of the muscle. Therefore, the percentage of tension initially produced at resting length is decreased in chemically denervated muscle due to pharmacological neuromuscular blockade of synaptic transmission resulting in decreased muscle contractility.
A third mechanism by which BoNT-A injection may modulate passive in vivo muscle-tendon unit properties is related to the structure of the titin protein [25] . Titin has the ability to adapt its stiffness based upon the concentration of intramuscular cytosolic calcium [32] . Increased amounts of calcium in the cytosol following muscle contraction have been reported to lead to a stiffer configuration of titin, increasing the stiffness of the muscle up to 25% [33] . Following BoNT-A injection, muscle contractility decreases, producing less force. The concentration of intracellular calcium in BoNT-A denervated muscle is therefore reduced compared to the non-denervated control muscle. This reduced calcium concentration potentially leads to a less stiff titin configuration in the BoNT-A denervated muscle, contributing to decreased passive tension after the stretched muscle is returned to the initial displacement (Protocol 3). The quantification and relative contribution of the three possible mechanisms (α-inhibition, γ-inhibition, decreased Ca 2+ for titin) by which adjunct BoNT-A injection modulates the passive properties of the muscle-tendon unit will be the subject of future investigations. There are limitations of this study, which utilized young, healthy mice. Although there are similarities between human and mouse GC muscle, the muscles differ in weight, size, and fiber type composition. Further, healthy muscle and spastic muscle differ in structure; thus, interpretation of our data in the context of spasticity is limited [34] and future studies are needed to assess BoNT-A injections in a spastic muscle model system. BoNT-A was injected intramuscularly, which can potentially cause damage to the muscle or the tendon due to incorrect injection technique. Only a single dose, volume, and post-injection time point was evaluated during the present study due to availability of BoNT-A. The dose and volume of BoNT-A were based on previous reports on BoNT-A injection of mouse GC muscle [17, 20] and experimentation was conducted one week after injection, in order to provide maximal skeletal muscle paresis, with limited muscular changes. However, one week following the dose and volume of BoNT-A used in this report, an approximate 20% decrease in muscle mass can be expected [17] , which needs to be taken into consideration when comparing passive biomechanical properties [35] . Therefore, the changes in the passive properties may not be attributed to the chemical denervation entirely. The histological and molecular changes have been described by others and were not subject of this investigation [29] .
This study investigated the acute effects of stretching a GC muscle-tendon unit. The long term effects and benefits of stretching exercises for patients with spasticity remain unknown. Despite the positive effects of stretching on altering passive muscle properties, through modulation of excitability and active contraction [11] , a recent report demonstrated no clinical differences after stretching intervention was implemented in the treatment of patients with neurological conditions [36] . Another limitation of our study is that only a single, relatively short period of stretching was studied. Clinically, physical therapy protocols often include repetitive stretching exercises performed over a longer periods of time. However, to evaluate the influence of adjunct BoNT-A therapy on stretching, a shorter experimental time period was sufficient to demonstrate differences between study groups. Future studies are required to study the influence of time from injection on the passive properties of the muscle-tendon unit. Further studies also are needed to assess the influence of various stretching protocols on passive muscle-tendon unit properties. Animals were anesthetized during testing, which has the potential to alter the passive properties of the muscle-tendon unit. However, experimentation conditions, including dose and duration of anesthesia were the same for both of the experimental groups.
Conclusions
BoNT-A significantly influences muscle-tendon unit in vivo biomechanical properties. While BoNT-A injection has been shown to alter the molecular structure of skeletal muscle, the current study suggests an influence of BoNT-A on the stretch reflex as well (Figure 4 ) [11] . This study evaluated the effect of BoNT-A on the passive biomechanical properties of healthy muscle during stretching, which may provide a possible explanation of the clinical success of adjunct BoNT-A injections to stretching during physical therapy in patients with spasticity. However, the findings of this study will need to be confirmed in spastic animal models, in which the experimental system has inherent pathology of the myotatic or stretch reflex.
